Abstract Measurements of near-surface oxygen (O 2 ) concentrations and mixed layer depth from the K1 mooring in the central Labrador Sea are used to calculate the change in column-integrated (0-1700 m) O 2 content over the deep convection winter 2014/2015. During the mixed layer deepening period, November 2014 to April 2015, the oxygen content increased by 24.3 ± 3.4 mol m −2 , 40% higher than previous results from winters with weaker convection. By estimating the contribution of respiration and lateral transport on the oxygen budget, the cumulative air-sea gas exchange is derived. The O 2 uptake of 29.1 ± 3.8 mol m −2 , driven by persistent undersaturation (≥ 5%) and strong atmospheric forcing, is substantially higher than predicted by standard (nonbubble) gas exchange parameterizations, whereas most bubble-resolving parameterizations predict higher uptake, comparable to our results. Generally large but varying mixed layer depths and strong heat and momentum fluxes make the Labrador Sea an ideal test bed for process studies aimed at improving gas exchange parameterizations.
Introduction
The Labrador Sea is one of the few regions where open-ocean deep convection occurs [Marshall and Schott, 1999] , with Labrador Sea Water (LSW) forming in the interior of the basin [Lazier, 1973; Clarke and Gascard, 1983] and spreading throughout the Atlantic as part of North Atlantic Deep Water (NADW) [Talley and McCartney, 1982] . In the LSW formation process, vertical mixing and temperature-driven solubility changes outpace the uptake of atmospheric oxygen by air-sea gas transfer [Ito et al., 2004] , resulting in newly formed LSW being about 6% undersaturated relative to equilibrium [Clarke and Coote, 1988] . This marked air-sea disequilibrium, along with strong winds, makes the Labrador Sea one of the most intense sinks of atmospheric oxygen in the world ocean [McKinley et al., 2003] . NADW exports oxygen to the ocean interior, where it plays an important role in supporting respiration and biogeochemical cycling of nutrients and carbon [Keeling et al., 2010] . A recent study on changes in the global oxygen content since the 1960s [Schmidtko et al., 2017] found that the amount of oxygen stored in the deep ocean decreased by 702.9±244 Tmol per decade and suggested that changes in ventilation at high latitudes may have contributed to this decline.
Considering the importance of LSW for the transfer of oxygen from the atmosphere to the global deep ocean, and given the climate sensitivity of its formation [Curry et al., 1998 ], it is crucial to understand the processes governing variability of air-sea gas exchange in this region. While oxygen data have been collected regularly during hydrographic cruises in the region [Stendardo and Gruber, 2012] , there have been relatively few attempts to directly measure the uptake of oxygen during the convection season, including one study of oxygen content changes in [2003] [2004] from Argo float data [Körtzinger et al., 2004] and a previous mooring-based study focusing on seasonal cycles of carbon and oxygen in the mixed layer [Körtzinger et al., 2008] . The aim of this study is to quantify the total uptake of oxygen between November 2014 and April 2015, a period featuring the deepest convection since 1994 [Yashayaev and Loder, 2016] , and compare it to these earlier estimates and to the uptake predicted by several widely used air-sea gas exchange parameterizations. [Levitus et al., 2013] , red line shows track of Argo float used to estimate F lat (section 2.2), and locations of K1 and the eddy formation region are shown as black symbols. Inset shows the location of the study area within the North Atlantic. data for the K1 deployment KPO 1117 analyzed here, using a Seabird Microcat model 43 [Carlson, 2002] at depths of 10 m and 100 m and an Aanderaa Optode model 4835 [Tengberg et al., 2006] at 60 m. The mooring was deployed from August 2014 to May 2016; however, none of the oxygen sensors returned data after May 2015, as all three instruments were either lost or ran out of battery power, limiting our study to the 2014-2015 winter. All instruments were new and calibrated by their respective manufacturers prior to deployment, but a postcalibration of the oxygen sensors was impossible due to the sensor failures outlined above. While both types of sensors have been shown to be susceptible to drift [D'Asaro and McNeil, 2013] , we find good agreement between the instruments after December 2014, differing only by a constant offset ( Figure S1 in the supporting information), with no signs of a trend in the differences which would be expected in the case of instrument drift. We adjust for this offset by matching their values when all three sensors were in the mixed layer and additionally correct for sensor drift that can occur during storage between the factory calibration and deployment [Bittig et al., 2012] by comparing data collected during the first 15 days of measurements to a conductivity-temperature-depth (CTD) profile taken at the site prior to deployment, adding an offset of 11.25 ± 2 μmol L −1 to the mooring data to agree with CTD measurements ( Figure S2 ).
Oxygen Budget
To calculate the change in column-integrated 0-1700 m O 2 content, we combine time series of surface oxygen concentration and mixed layer depth (MLD). For surface data, we use 6-hourly telemetered data from the 10 m instrument, interpolated onto a 1 h time grid, until December 2014, and 1-hourly measurements from the 60 m instrument afterward, when the mixed layer was generally at least several hundred meters deep. Surface concentration and saturation, as well as MLD, estimated using a criterion of Δ ≤ 0.01 kg m −3 , and contours of O 2 (z, t n ) (see below), are shown in Figure 2 .
Oxygen concentrations throughout the water column are estimated by an iterative procedure, starting with a profile O 2 (z, t 0 ), taken from a nearby CTD cast, as the initial condition, and setting O 2 within the mixed layer KOELLING ET AL. THE 2014-2015 LABRADOR SEA OXYGEN UPTAKE to surface values for each time step, such that
where O 2 surf is the surface oxygen concentration, z mld (t n ) is the mixed layer depth at time t n , and the oxygen content is calculated as the vertical integral of O 2 (z, t n ). This method assumes that oxygen concentrations are constant throughout the mixed layer during convection, which has been shown to be the case with Argo float data [Körtzinger et al., 2004] . We further tested this approach with temperature data, comparing heat content estimated from surface temperature and MLD to that calculated using all mixed layer temperature data, and found good agreement ( Figure S3 ).
The change in oxygen content is the sum of the fluxes due to gas exchange (F gasex ), biological activity (F bio ), and lateral exchange through transport processes from outside the convection region (F lat ):
F gasex can thus be calculated from the measured oxygen content changes, along with estimates of F bio and F lat . Previous studies have shown that there is heat transport from the boundary current west of Greenland into the central basin, caused by southward propagation of Irminger Current eddies [Straneo, 2006; Yashayaev and Loder, 2009; de Jong et al., 2016] . This can be used to estimate an associated eddy-driven flux of oxygen:
where F H lat is the lateral heat flux inferred from mooring and North American Regional Reanalysis (NARR) data and
is the ratio of the mean oxygen to heat content gradients between K1 and the eddy formation region at the spreading point of the 2000 m and 3000 m isobaths [Lilly et al., 2003] 
We assume a net heterotrophic ocean due to light limitation in winter inhibiting production [Harrison and Li, 2007] . A previous study at the K1 site by carbon to estimate that 40% of summertime net community production, amounting to 1.4 ± 0.5 mol C m −2 , is remineralized above the base of the winter mixed layer, while the remaining 60% is exported below the depth of convection. Using a stoichiometric ratio of −1.34 O 2 :C [Körtzinger et al., 2001] , this corresponds to an integrated wintertime flux of −1.9 ± 0.7 mol O 2 m −2 , which we use as an estimate of F bio in this study.
Air-Sea Gas Exchange Parameterizations
Several parameterizations for air-sea gas exchange are used to estimate the time-varying gas transfer from the measured surface data, along with wind speed from satellite and atmospheric reanalysis data. All parameterizations involve some measure of the piston velocity k 660 that is dependent on wind speed:
where U 10 is the wind speed measured at 10 m in the atmosphere, the exponent n is typically chosen as either 2 [Wanninkhof , 1992 [Wanninkhof , , 2014 or 3 [Wanninkhof and McGillis, 1999; Kihm and Körtzinger, 2010] , and a is an empirically derived constant. k 660 refers to the piston velocity at a Schmidt number of 660 [Wanninkhof , 2014] , which corresponds to CO 2 at 20 ∘ C, with the piston velocity for any other gas given by k = k 660 ( , and is given by
with positive values denoting oceanic oxygen uptake. Many commonly used gas exchange parameterizations [Wanninkhof , 1992 [Wanninkhof , , 2014 Kihm and Körtzinger, 2010] assume that the total flux of a gas can be described by equations (4) and (5), with F gasex = F s , and use an a priori choice of n and measurements or estimates of all other parameters to find a best fit for a.
However, particularly for less soluble gases and at high wind speeds, there is also an important contribution from air injection, and the flux is more accurately represented by [Liang et al., 2013] , with F p and F c referring to the flux from partially and completely dissolving bubbles, respectively. F p , like F s , depends on wind speed and concentration difference but has an additional term accounting for the hydrostatic pressure in large bubbles; F c depends only on the wind speed and the atmospheric mole fraction of the respective gas, [Emerson and Bushinsky, 2016] . The gas exchange parameterizations with bubble terms used in this study are those of Woolf and Thorpe [1991] , Woolf [1997] , Stanley et al. [2009] , Vagle et al. [2010] , and Liang et al. [2013] . The inverse method used in Vagle et al. [2010] to parameterize gas exchange only includes data for U 10 > 12 m s −1 and is therefore poorly constrained below this threshold; we complement their parameterization by using the relationship of Woolf and Thorpe [1991] for U 10 ≤ 12 m s −1 .
Oxygen solubility is calculated from the equations of Garcia and Gordon [1992] and Oceanography Center (FNMOC) product. For wind speed, we use data from the cross-calibrated multiplatform (CCMP) product [Atlas et al., 2011] , European Centre for Medium-Range Weather Forecasts ERA-Interim (ERAI) [Dee et al., 2011] , the National Centers for Environmental Prediction (NCEP) North American Regional Reanalysis (NARR) [Mesinger et al., 2006] , and CMC GDPS reforecasts (CGRF) [Smith et al., 2014] . Wind speed data from NARR compare most favorably with observations in the Irminger Sea and off Cape Farewell [Moore et al., 2008; Renfrew et al., 2009] , with a slope of 0.99 between observational and reanalysis data and a bias of −1.5 m s −1 , reported by Renfrew et al. [2009] . NARR data are corrected for this bias and used to calculate the gas exchange estimates shown in Table 1 , and results based on data from all products are compared in Figure 3 . The data were interpolated from their native 6-hourly (FNMOC, CCMP, and ERAI), 3-hourly (NARR), or 1-hourly (CGRF) resolution onto the 1-hourly time grid used in this study.
Results
Surface concentration and saturation of oxygen, along with MLD, are shown in Figure 2 ; the concentration rapidly increased in early December to peak values of ∼320 μ mol L −1 (∼97% saturation), as the mixed layer was still relatively shallow and some of the strongest winds in our records ( Figure S4 ) drove increased uptake, then dropped to around 310 μ mol L −1 at 95% saturation in early January, when the mixed layer started deepening at a higher rate, and continued to decrease slightly throughout the rest of winter. MLD calculated from the mooring data agrees well with individual Argo profiles taken within 100 km of the mooring before early April, after which the mixed layer shoaled to a depth shallower than the uppermost available measurements, resulting in mooring data overestimating z MLD . We therefore limit our analysis of gas exchange to the period from 1 November, when oxygen saturation dropped below 100%, to 5 April, marking the last time step for which the shallowest measurement is within the mixed layer.
The difference in oxygen content between 1 November and 5 April, calculated from equation (1), is 24.3 ± 3.4 mol m −2 . For the same time period, F lat is calculated to be −2.9 ± 1.5 mol m −2 using equation (3) and F bio is estimated as −1.9 ± 0.7 mol m −2 (see section 2.2). The resulting estimate for air-sea gas exchange in the Labrador Sea during the 2014-2015 winter, calculated from equation (2), is 29.1 ± 3.8 mol m −2 and is compared with the cumulative gas exchange estimates predicted by different parameterizations in Figure 3 ; the results are also summarized in Table 1.
All gas exchange parameterizations including only an F s term (equation (5)) underestimate the uptake of oxygen over the convection season by 49% or more using NARR winds; additional such parameterizations not shown here [e.g., Liss and Merlivat, 1986; Nightingale et al., 2000; Sweeney et al., 2007; Wanninkhof et al., 2009] generally fall below that of Wanninkhof [1992] at high wind speeds [Körtzinger et al., 2008] and will therefore similarly predict a lower flux than observed. With the exception of Woolf and Thorpe [1991] , the bubble-resolving parameterizations predict a greater uptake than the purely diffusive ones, but there is considerable variability between them, with estimates ranging from 19.8 ± 2.4 mol m −2 [Liang et al., 2013 ] to 38.2 ± 3.2 mol m −2 [Vagle et al., 2010] . Two parameterizations, Woolf [1997] and Stanley et al. [2009] , agree within the error with the observed gas exchange, at 28.8 ± 3.1 mol m −2 and 31.5 ± 2.6 mol m −2 .
Discussion

Observed Change
The 0-1700 m depth range used to calculate the oxygen content is chosen to reflect conditions typical of the entire central Labrador Sea, as Yashayaev and Loder [2016] determined 1700 m to be the aggregate depth of convection during that winter. Our data show that the water column at the mooring site was homogenized to more than 1800 m during an event in March lasting several days, reaching a maximum of 1850 m on 8 March (Figure 2 ). However, Argo profiles taken within 100 km of the mooring show no evidence of convection reaching below 1700 m, suggesting that this was a small-scale feature, such as a convective plume [Marshall and Schott, 1999] or passing cold-core eddy [Avsic et al., 2006] , and we do not expect these deeper mixed layers to be representative of the whole region.
The change in 0-1700 m oxygen content observed between 1 November and 5 April is 24.3 ± 3.4 mol m −2 , 40% higher than the increase of 17 mol m −2 observed by Körtzinger et al. [2004] over a comparable time period in the 2003/2004 winter, when convection reached about 1400 m. Stendardo and Gruber [2012] found evidence for a connection between oxygen content in the deep North Atlantic and variability related to the North Atlantic Oscillation (NAO), and data from biogeochemical models suggest that Labrador Sea oxygen uptake is strongest during the positive phase of the NAO [McKinley et al., 2003] , which is associated with both higher wind speeds and stronger surface heat loss in the Labrador Sea [Hurrell et al., 2013] , resulting in generally deeper convection [Curry et al., 1998; Yashayaev and Loder, 2016] Körtzinger et al. [2004] , consistent with these earlier results. The oxygen content change we observe in the upper 1400 m is 16.3±2.8 mol m −2 , in good agreement with Körtzinger et al.'s [2004] estimate, which could suggest that the higher uptake of oxygen in 2014-2015 is caused by convection penetrating to greater depth, enhancing upward mixing of low-saturation deep waters. However, the increased wind forcing and solubility pump during positive NAO years would also be expected to increase the flux of O 2 , and more sustained observations will be necessary to better understand the mechanisms responsible for the link between the NAO and oxygen uptake.
Assuming that our results are representative of the whole convection region, with an approximate area of 100,000 km 2 , the difference in oxygen content change between a positive (2014) (2015) Schmidtko et al. [2017] , suggesting that changes in air-sea gas exchange in the Labrador Sea alone are unlikely to have played a major role in the decline of the oceanic oxygen content in recent decades. However, the effect of LSW on the global circulation [Jackson et al., 2016] and interannual variability in its export [Yashayaev and Loder, 2016] also plays a role in controlling ventilation of the deep ocean and will need to be more thoroughly studied to fully understand its impact on the global oxygen budget.
Gas Exchange Parameterizations
While the importance of bubbles in air-sea gas exchange has been emphasized for some time [Thorpe, 1982; Woolf and Thorpe, 1991; Wallace and Wirick, 1992; Keeling, 1993] , parameterizations that do not account for their effect are still widely used. Many such parameterizations were derived for CO 2 , which is more soluble than oxygen and therefore less affected by bubble processes [Woolf and Thorpe, 1991; Liang et al., 2013] , but are assumed to hold for other gases if scaled by the Schmidt number. As shown in Figure 3 , neglecting bubble process is not appropriate for oxygen in the Labrador Sea, with the parameterizations of Wanninkhof [1992, 2014] and Kihm and Körtzinger [2010] underestimating the observed uptake by 49-69% when calculated with NARR wind data. In addition to being used in observational studies, many of the models included in the Climate Model Intercomparison Project (CMIP5) [Taylor et al., 2012] also utilize the parameterization of Wanninkhof [1992] , or a slight variation thereof, to compute air-sea gas exchange of O 2 , CO 2 , and other gases [Weaver et al., 2001; Tjiputra et al., 2010; Dufresne et al., 2013; Dunne et al., 2013; Ilyina et al., 2013] . Considering the large discrepancy between our results and the flux predicted from the Wanninkhof [1992] parameterization, we expect these global models to underestimate the strength of oxygen sinks at high latitudes, where strong winds and bubble injection are most prevalent.
Despite accounting for bubbles, both the Woolf and Thorpe [1991] and Liang et al. [2013] parameterizations underestimate the uptake, by around 60% and 30%, respectively. In contrast, recent studies on noble gas supersaturation [Emerson and Bushinsky, 2016] and on O 2 uptake in relation to net community production [Plant et al., 2016] in the Pacific Ocean found that Liang et al. [2013] provided the best fit to their data. The poorer performance of Liang et al. [2013] in the present study is likely related to the lower surface saturation and stronger physical forcing in the form of winds, wave breaking, and convection and could reflect either real regional variability in bubble processes or shortcomings of the parameterization in accurately predicting them in conditions typical of the Labrador Sea.
All other bubble-resolving parameterizations predict considerably higher uptake, closer to the observed gas exchange. While the parameterizations of Woolf [1997] and Stanley et al. [2009] agree within uncertainty bounds with the observed cumulative gas exchange, the estimate from the parameterization of Vagle et al. [2010] is 30% higher than the observed uptake when calculated with NARR wind speed data. However, Vagle et al.'s [2010] relationships between wind speed, bubble penetration depth, and gas exchange were derived using wind data from the NCEP/NCAR (National Center for Atmospheric Research) reanalysis [Kalnay et al., 1996] , which are biased low relative to NARR [Renfrew et al., 2009] ; recalculating the gas exchange with the NCEP product yields an estimate of 30.5 ± 2.6 mol m −2 , matching the observed uptake. This difference of almost 30% illustrates the high sensitivity to the choice of wind speed product (see also Figure 3 ), with discrepancies between products resulting in biases that need to be accounted for when using parameterizations to estimate gas exchange in budget calculations. Our assessment that bubble terms are necessary to accurately determine the flux of oxygen at high latitudes is not dependent on which of the common wind speed products we use, and possible biases are too small to alter our conclusion: some of the products used here have been shown to have biases up to 3 m s −1 at high (>20 m s −1 ) wind speeds [Renfrew et al., 2009; Li et al., 2013] , but only 2.5% of the NARR data at K1 are above this threshold. Even if a bias underestimating the winds was present for a broader wind speed range (e.g., U 10 > 15 m s −1 ), it would have to exceed 13 m s −1 [Wanninkhof , 1992] , 19 m s −1 [Wanninkhof , 2014] , or 5 m s −1 [Kihm and Körtzinger, 2010] for these nonbubble parameterizations to agree within the error with the observed cumulative oxygen uptake.
An additional source of uncertainty are the assumptions underlying our estimates of F bio and F lat , which are difficult to validate given the sparsity of relevant data from the region. For F bio , previous studies have shown that there is almost no primary production during winter in the Labrador basin [Harrison and Li, 2007; Harrison et al., 2013; Körtzinger et al., 2008] , suggesting net heterotrophic conditions with F bio ≤ 0. Since K1 is situated within the region of maximum oxygen content (Figure 1) , there cannot be a positive flux from mixing with waters from outside the central LS, such that F lat ≤ 0. This allows us to establish a lower bound for the estimated gas exchange, with F bio = F lat = 0. In this scenario, where Δ ∫ z O 2 = F gasex , the nonbubble parameterizations still predict a lower gas exchange than we observe ( Figure S6 ), showing that their low bias persists regardless of these assumptions. However, there is likely to be additional variability for both processes that cannot be resolved here; the amount of wintertime respiration is expected to vary with the strength of the preceding spring bloom, and seasonal or interannual variability may exist in the boundary-interior gradients of heat and O 2 , affecting the magnitude of F lat .
The parameterizations of Stanley et al. [2009 ], Vagle et al. [2010 ], and Liang et al. [2013 agree well in the relative strength of the diffusive and bubble flux, with 26% to 35% of the total flux coming from F s , but the importance of the two bubble terms differs between the different models: F p and F c are responsible for 55% and 19% in Liang et al. [2013] , 11% and 54% in Stanley et al. [2009] , and 1.5% and 64% in Vagle et al. [2010] . These differences show that there is still considerable uncertainty not only regarding the strength of bubble-induced gas exchange but also about the underlying dynamics.
Outlook
Our results show that in situ measurements from moorings can be used to estimate the seasonal change in oxygen content, even with relatively sparse instrumentation. Measuring oxygen in locations like the Labrador Sea may prove to be an important tool for future gas exchange studies, with severe undersaturation throughout the winter months resulting in a strong and persistent signal, which mitigates the effect of measurement uncertainty on estimates of transfer velocity. As an example, using flux measurements at 95% saturation to infer the transfer velocity, the range of estimates resulting from a ±2 μmol L −1 offset in the sensor calibration is reduced by a factor of 7.7 compared to the same calculation at 99% saturation (see Text S2 for details).
Recent advances in the in situ calibration and correction of oxygen sensors on Argo floats [Takeshita et al., 2013; Uchida et al., 2008; Bittig et al., 2014] , along with the extension of the Argo-Oxygen program , will enable studies of the spatial and interannual variability of the Labrador Sea's oxygen content and help put our findings into a broader context. However, the poor temporal resolution of float data will be insufficient to resolve the intense fluxes of oxygen on short time scales that have been observed in moored measurements [Wallace and Wirick, 1992; Vagle et al., 2010] . An ideal observing system of oxygen transfer in the Labrador Sea should include high-frequency measurements of inventory changes from moorings to provide information on fluxes occurring on these shorter time scales, complemented by the more extensive but lower frequency data from the Argo program.
Conclusion
The change in Labrador Sea oxygen content of 24.3 ± 3.4 mol m −2 during the 2014-2015 winter is more than 40% higher than the 17 mol m −2 observed in the 2003-2004 winter by Körtzinger et al. [2004] . We attribute this to more intense air-sea gas exchange caused by unusually deep convection (1700 m) [Yashayaev and Loder, 2016] , and increased atmospheric forcing during the positive NAO phase, in agreement with earlier studies from hydrography and models [Stendardo and Gruber, 2012; McKinley et al., 2003] . Wintertime oxygen uptake is calculated as 29.1 ± 3.8 mol m −2 from the measured O 2 content change and an estimated 4.8 ± 1.7 mol m −2 loss through lateral transport and respiration.
Gas exchange parameterizations including only an F s term invariably predict a lower November-April integrated oxygen uptake than we observe, even in the lower limit of zero biological and lateral transport fluxes. The cumulative air-sea flux calculated from bubble-resolving models is generally higher, with three of the five parameterizations considered in this study predicting an uptake of oxygen similar to our estimate, showing that resolving the impact of bubbles is essential for accurate estimation of net air-sea gas fluxes, even when the ocean is strongly (≥ 5%) undersaturated relative to the atmosphere. However, there is substantial variation between parameterizations both in magnitude and in the partitioning of the flux between the different bubble processes.
Studying wintertime gas transfer in the Labrador Sea can help uncover the processes controlling gas exchange under the extreme atmospheric forcing and strong undersaturation of mixed layer oxygen characteristic of high latitudes and elucidate similarities and differences to the typically milder conditions in the subtropical and tropical oceans. 
